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Abstract—This paper proposes and investigates an overlay
spectrum sharing system in conjunction with the simultaneous
wireless information and power transfer (SWIPT) to enable
communications for the Internet of Things (IoT) applications.
Considered is a cooperative cognitive radio network, where two
IoT devices (IoDs) exchange their information and also provide
relay assistance to a pair of primary users (PUs). Different from
most existing works, in this paper, both IoDs can harvest energy
from the radio-frequency (RF) signals received from the PUs.
By utilizing the harvested energy, they provide relay cooperation
to PUs and realize their own communications. For harvesting
energy, a time-switching (TS) based approach is adopted at both
IoDs. With the proposed scheme, one round of bidirectional infor-
mation exchange for both primary and IoT systems is performed
in four phases, i.e., one energy harvesting (EH) phase and three
information processing (IP) phases. Both IoDs rely on the decode-
and-forward operation to facilitate relaying, whereas the PUs
employ selection combining (SC) technique. For investigating the
performance of the considered network, this paper first provides
exact expressions of user outage probability (OP) for the primary
and IoT systems under Nakagami-m fading. Then, by utilizing
the expressions of user OP, the system throughput and energy
efficiency are quantified together with the average end-to-end
transmission time. Numerical and simulation results are provided
to give useful insights into the system behavior and to highlight
the impact of various system/channel parameters.
Index Terms—Internet of Things (IoT), cooperative cognitive
radio network (CCRN), simultaneous wireless information and
power transfer (SWIPT), decode-and-forward (DF), Nakagami-
m fading, outage probability (OP).
I. INTRODUCTION
S
PECTRUM sharing for the Internet of Things (IoT) is one
of the most promising technologies in the fifth-generation
(5G) wireless networks, which allows autonomous devices to
realize communications for IoT applications in the licensed
spectrum [1], [2]. The concept of IoT has been introduced
with a vision to accommodate various physical things such as
sensors, mobile phones, home appliances, healthcare gadgets,
and even intelligent furniture, that can be connected through a
communication network to exchange information about them-
selves and their surroundings. From the communications point
of view, all these things, connected through a network, can be
referred to as IoT devices (IoDs). Addressing communication
aspects of such autonomous things (electronic devices) is
D. S. Gurjar and H. H. Nguyen are with the Department of Electrical and
Computer Engineering, University of Saskatchewan, Saskatoon, SK S7N 5A9,
Canada (e-mails: {devendra.gurjar, ha.nguyen}@usask.ca).
H. D. Tuan is with the Faculty of Engineering and Information Technology,
University of Technology Sydney, Ultimo, NSW 2007, Australia (e-mail:
tuan.hoang@uts.edu.au).
This work was supported in part by an NSERC Discovery Grant 249772-
2012.
crucial for bonding them together to form the IoT. Many ap-
plications are emerging to exploit the features and capabilities
of IoT. For example, instruments can collaborate with each
other in factories and farms to enhance the performance and
efficiency of factory and farm operations [3]. Exploiting IoT
can also be useful in refineries where devices and sensors can
be deployed to form automation in various operations without
changing the core environment. Likewise, smart homes are
made possible by implementing IoT-based home appliances.
Moreover, IoDs are expected to be the critical entity for
improving traffic management and transportation safety in
autonomous driving vehicle industry [4]. For a reliable and
ubiquitous IoT deployment, two fundamental challenges, i.e.,
network lifetime and spectrum scarcity, need to be addressed
and they are the focus of this paper.
To prolong the lifetime of wireless communication net-
works, energy harvesting (EH) from the surrounding environ-
ment has been envisioned as one of promising solutions to
counterpoise power limitations of connected wireless devices.
Specifically, it has been observed that the conventional sources
for EH such as solar, wind, thermoelectric, etc., could be
unreliable to provide perpetual energy supply as these methods
rely on location specific climate and environment [5], [6].
Consequently, simultaneous wireless information and power
transfer (SWIPT) technology is gaining tremendous attention
due to its ability in providing sustainable and ubiquitous
communications for numerous wireless communication sce-
narios, including IoT. This technique exploits the idea that
the radio-frequency (RF) signals can be utilized for both
wireless power transfer and wireless information transfer at
the same time [6], [7]. Specifically, the antenna of a receiving
node first captures the transmitted energy in RF radiation.
Then, using an appropriate circuit [7], the captured energy
can be stored in the battery of that node after converting it
into the direct current (DC) form. For enabling SWIPT in
wireless networks, three practical receiver designs have been
investigated in the literature, namely, time switching (TS),
power splitting (PS), and antenna switching (AS) [8]. In TS-
based SWIPT, a receiving node switches in time between
information processing (IP) and EH. In PS-based SWIPT, the
node splits the power of the received signal for IP and EH.
The AS is another way to enable SWIPT in a multi-antenna
based system, whereby the strongest antennas are exploited
for IP, and others are used for EH or vice-versa [9]. Although
the amount of harvested energy from RF signals is currently
less as compared to other conventional sources such as solar
energy, its ubiquitous availability (indoor, outdoor, day or
night) makes it more promising for future IoT networks.
2Spectrum scarcity is another critical design constraint in
massive IoT deployments. Enabling IoT communications in
the industrial, scientific, and medical (ISM) band is not a
long-lasting and feasible solution as most of the wireless
technologies operating in this band, e.g., ZigBee, Wi-Fi, and
Bluetooth cannot provide seamless communications with the
desired quality of service (QoS) [3]. On the other hand, its
not feasible to rely on the licensed band communications due
to the scarcity of spectrum and the presence of a massive
number of devices in IoT. Therefore, a promising solution is
to exploit communications over the licensed spectrum without
degrading the performance of legitimate users. Cooperative
spectrum sharing is the suitable mechanism for achieving such
an attribute in the IoT networks. For enabling spectrum sharing
in such systems, three strategies are commonly adopted in
the literature, i.e., interweave, underlay, and overlay [10].
As such, the interweave spectrum sharing suffers from traffic
pattern errors of the primary system, whereas underlay spec-
trum sharing must comply with strict interference threshold
constraint based on instantaneous channel state information
which may be difficult to acquire in practice. As a result,
the overlay scheme adopted in this paper is more appealing
for such IoT systems. With this scheme, the IoDs could
provide an incentive to the PUs for spectrum access, i.e.,
PUs could get benefits of improved performance due to relay
assistance, while in return, relaying IoDs can explore their own
transmission opportunities.
To summarize, incorporating the SWIPT technology with
cooperative cognitive radio networks can effectively solve
technical problems related to lifetime and spectrum scarcity
in massive IoT deployment.
A. Prior Arts
In recent years, SWIPT technique has attracted significant
attention for its inclusion in the relay-based wireless systems
[11]-[17]. Specifically, the authors in [11] and [12] have
considered one-way relay networks, where a relay node can
harvest energy from the RF signals received from the source
node. To improve the spectral efficiency, the authors in [13]-
[15] have utilized the concept of SWIPT with amplify-and-
forward (AF) relaying strategy for two-way relay systems. In
particular, the work in [13] has jointly optimized the problem
of relay selection and power allocation for a SWIPT-enabled
asymmetric two-way relay system. The authors in [14] have
considered a TS-based SWIPT scheme at the relay node and
investigated the outage performance, whereas, the authors in
[15] have solved the optimization problem concerning power
splitting factor and relay processing matrix for such spectral
efficient systems. Different from AF-based two-way systems,
the authors in [16] and [17] have focused on decode-and-
forward (DF) relaying scheme for SWIPT-enabled bidirec-
tional relay systems.
Besides, research works in [18]-[29] have incorporated the
concept of SWIPT in the spectrum sharing based systems
and cellular networks. Specifically, the authors in [18] have
proposed a cognitive radio network, where the secondary
node can extract energy from RF signals and utilize it for
transmitting its own message or providing relay cooperation
in different time slots. In particular, the authors have provided
optimal conditions to maximize the system throughput for
two scenarios, namely, cooperative mode and non-cooperative
mode. Different from [18], the secondary node can transmit
both primary and secondary signals simultaneously in [19]
with the overlay mode. For this set up, the authors have
derived exact expressions of outage probability (OP) for both
primary and secondary systems over Rayleigh fading chan-
nels. Further, research works [20] and [21] have adopted an
underlay cognitive radio scenario with EH and analyzed the
systems’ outage performance. By extending the system model
of [20] and [21], the authors in [22] have considered multiple
primary transmitters and receivers and evaluated the outage
and ergodic capacity performance for the secondary system in
the presence of multiple primary interferences. Furthermore,
the authors in [23] have introduced one-way cooperative
cognitive radio network (CCRN) with energy assisted DF
relaying and investigated the OP and throughput for both
systems. With the similar system model as in [23], the authors
in [24] have studied opportunistic relaying by employing a
dynamic SWIPT protocol. The authors in [25] have derived the
expressions of OP for EH-enabled CCRN under Nakagami-m
fading. In contrast to the one-way CCRN [18]-[25], a cognitive
two-way relay network with EH has been investigated in [26]
under Rayleigh fading.
Recently, a few works [27]-[29] have exploited the ben-
efits of EH for IoT applications in the licensed band. In
particular, the authors in [27] have studied resource allocation
for a machine-to-machine enabled cellular network with EH
by focusing on two different strategies, i.e., nonorthogonal
multiple access and time division multiple access. Further,
in [28], software-defined networking has been proposed to
optimize network management and to control EH for IoT
applications. Very recently, the authors in [29] have developed
a mathematical framework for the design and analysis of
relay-assisted underlay cognitive radio networks with EH and
investigated the systems’ outage performance.
Most of the works as discussed above either considered EH
with underlay cognitive radio networks or one-way CCRN,
where the information exchange for both systems is carried
out unidirectionally. To the authors’ best knowledge, no work
has yet considered the concept of SWIPT in a cognitive radio
network with bidirectional primary and IoT transmissions.
B. Main Contributions
Focusing on the critical constraints of IoT deployments,
this paper proposes a DF-based two-way CCRN with EH to
leverage the benefits of both spectrum sharing and SWIPT
technique. Herein, a pair of IoDs harvests energy from the
RF signals by applying the TS technique and utilizes the
accumulated energy for providing relay cooperation and its
own information exchange. Moreover, the proposed scheme
improves the overall spectrum efficiency and resolves the
crucial reliability issue for primary links by enabling relay
assistance from two IoDs in consecutive phases. For relaying,
a DF-based operation is considered at the IoDs. With DF
3relaying, a selection combining (SC) technique is employed
at the PUs to exploit multiple copies of their intended signals.
The major contributions of this paper are summarized as
follows:
• This paper introduces an overlay spectrum sharing
scheme with EH to enable IoT communications in the
licensed spectrum.
• With the proposed scheme, exact expressions of user
OP for both primary and IoT systems are derived under
Nakagami-m fading. Then, the expression of system
throughput is obtained for delay-limited transmissions.
• The paper also provides an expression of overall en-
ergy efficiency for the considered system. Moreover,
the critical value of spectrum sharing factor is deduced
for which the OP of primary links with the proposed
scheme exhibits the same OP as of direct communications
(without spectrum sharing).
• To evaluate the delay performance, the paper formulates
an expression for the average end-to-end transmission
time of the primary system.
• The paper reveals impacts of different system and channel
parameters through extensive numerical and simulation
results. The obtained results help to address some key
physical-layer design aspects for practical deployments
of such complex systems.
The rest of the paper is organized as follows. In Section
II, the system model and proposed scheme are described.
Specifically, Sections II-A and II-B present the considered EH
model and IP signaling, respectively, and derive end-to-end
instantaneous signal-to-noise ratios (SNRs). For evaluating the
system performance, expressions of OP, system throughput,
and energy efficiency are obtained in Section III. Numerical
and simulation results are provided and discussed in Section
IV. Finally, Section V concludes the paper.
Notations: Throughout this paper, fX(·) and FX(·) repre-
sent the probability density function (PDF) and the cumulative
distribution function (CDF) of a random variable X , respec-
tively, and Pr[·] denotes probability. Γ[·, ·], Υ[·, ·], and Γ[·]
represent, respectively, the upper incomplete, the lower incom-
plete, and the complete gamma functions [30, eq. (8.350)].
E[·] and Kv(·) denote expectation operation and vth order
modified Bessel function of second kind [30, eq. (8.432.1)],
respectively, whereas Wu,v(·) represents Whittaker function
[30, eq. (9.222)]. Table I lists the fundamental notations and
parameters.
II. SYSTEM AND SCHEME DESCRIPTION
Fig. 1 depicts a SWIPT-enabled cognitive radio system con-
sidered in this paper. Two primary nodes PUa and PUb want
to communicate to each other, but due to heavy shadowing
or blockage, the direct link between them is not good enough
to achieve specified target rates. A pair of proximate IoT de-
vices1, referred to as IoD1 and IoD2, provides relay assistance
1One can consider a generalized scenario of the considered system by
assuming the presence of several potential pairs of IoT devices. Amongst
them, the best pair can be selected through some appropriate selection process
(see [31] and references therein).
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Fig. 1. System model for SWIPT-enabled bidirectional cognitive radio
network.
to the primary transmissions and gets the opportunity to realize
its bidirectional communications over the same licensed band.
All the participating nodes (primary and IoT) operate in half-
duplex mode and are equipped with single antenna devices.
The EH and IP processes can be done in separately ded-
icated time slots. To this end, one block duration is divided
into two phases, i.e., EH phase and IP phase. During the EH
phase, both IoDs harvest energy from the RF signals and store
this energy to utilize it for providing relaying to the primary
system and for their own transmissions. After EH phase, one
round of end-to-end information exchanges between two PUs
and two IoDs takes three IP phases. In the first IP phase or
multiple access channel (MAC) phase, both PUa and PUb
transmit their signals to both IoD1 and IoD2. After that, both
IoD1 and IoD2 first decode the primary signals. On successful
decoding, they apply bit-wise XOR operation to generate a re-
encoded primary signal for performing DF operation. Among
IoD1 and IoD2, the first relaying IoD is the one who wants to
communicate first to the other one. In the second IP phase or
the first broadcast channel (BC) phase, the first relaying IoD
broadcasts the encoded primary signal after adding its own
signal intended for the other IoD. Likewise, in the third IP
phase or the second BC phase, the other IoD applies the same
procedure as done by the first one. If any IoD fails to decode
both primary signals in the first IP phase, it transmits one-bit
negative acknowledgment in the respective BC phase. At the
receiving PUs, the SC scheme is employed to make use of
two intended signal copies.
A block fading scenario is considered in this paper, where
channel gains remain unchanged for one block duration. The
channel gains of the links from PUj to IoDi and from IoDi to
PUjˆ are denoted as hj,i and hi,jˆ , respectively, for i ∈ {1, 2}
and j, jˆ ∈ {a, b}, where j 6= jˆ. Likewise, the channel gain of
the link from IoDi to IoDiˆ is denoted by hi,ˆi. All the channel
gains of individual hops are assumed to obey reciprocity, i.e.,
hi,jˆ = hjˆ,i and hi,ˆi = hiˆ,i. Further, hj,i for i ∈ {1, 2}
and j ∈ {a, b} follows Nakagami-m distribution with fading
severitymij and average power Ωij . The integer-valued fading
parameters are adopted for modeling Nakagami-m channels,
through which a wide variety of wireless fading scenarios
can be represented. It is also assumed that all the receiving
terminals are affected by the additive white Gaussian noise
4EH Phase I. IP Phase II. IP Phase III. IP Phase 
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Fig. 2. Frame structure of TS-based SWIPT in the proposed cognitive radio
network.
(AWGN) with zero mean and variance σ2.
A. Energy Harvesting
In TS-based EH approach as adopted in [6] and [32], one
time slot is dedicated for harvesting energy from the RF
signals and another slot for processing the information. In this
paper, one transmission block duration T is divided into two
slots of durations βT and (1−β)T as shown in Fig. 2, where
0 < β < 1. Herein, βT is allocated for harvesting energy,
whereas (1 − β)T is dedicated for information exchanges of
primary and IoT systems. The value of β that reflects the
amount of harvested energy at the IoDs has a strong influence
on the system performance in terms of achievable throughput
and link reliability. The IP phase is further divided into three
equal time slots, i.e., one MAC phase and two BC phases.
In the EH phase, the harvested energy at IoDi can be
formulated as [32]
Ei = ηiβT (Pa|ha,i|
2 + Pb|hb,i|
2) (1)
for i ∈ {1, 2}, where 0 < ηi < 1 represents the energy
conversion efficiency of the EH circuit at IoDi, and Pa&Pb
are transmit powers at PUa&PUb, respectively. By using (1),
the transmit power at IoDi can be expressed as
Pi =
3ηiβ
1− β
(Pa|ha,i|
2 + Pb|hb,i|
2). (2)
Without loss of generality, this paper assumes that all the
harvested energy will be used for broadcasting the information
signals at IoDs [33].
B. Information Processing
After the EH phase, PUa and PUb transmit unit-energy
symbols xa and xb in the first IP phase (MAC phase),
respectively. Thereby, the received signals at IoD1 and IoD2
can be expressed, respectively, as
y1 =
√
Paha,1xa +
√
Pbhb,1xb + n1 (3)
and
y2 =
√
Paha,2xa +
√
Pbhb,2xb + n2 (4)
where n1 ∼ CN (0, σ2) and n2 ∼ CN (0, σ2) are AWGN
components at IoD1 and IoD2, respectively. After receiving
the concurrent primary transmissions, both IoDs first decode
xa and xb and then broadcast the combined primary signal
using the DF operation.
1) Decode-and-Forward Operation: The IoDs can perform
DF operation only when they successfully decode both the
primary signals in the first IP phase. After decoding xa
and xb, the IoDs obtain a re-encoded symbol by performing
bit-wise XOR operation (xa ⊕ xb) and utilize it for further
transmissions. As in some practical applications, e.g., video
streaming, gaming, and file transfer, the required data rates
may be asymmetric for two opposite traffic flows. Therefore,
the bit sequences corresponding to the primary signals may
have different lengths. For ensuring the same bit sequence
length, zero padding can be done on the shorter sequence [34].
Let IoDi be the first relaying node and it broadcasts the
symbol xa⊕xb by adding its own symbol xi intended for the
other IoD. If µi represents the power splitting factor (resource
allocation factor for primary transmissions) at IoDi, then the
signal transmitted from IoDi in the second IP phase (first BC
phase) can be expressed as
xBCi =
√
µiPi(xa ⊕ xb) +
√
(1 − µi)Pixi (5)
where Pi is the transmit power at IoDi. Further, the received
signal at PUj in the first BC phase can be given as
yi,j =
√
µiPihi,j(xa ⊕ xb) +
√
(1− µi)Pihi,jxi + nj (6)
where nj is AWGN variable at PUj . As both PUs know their
respective transmitted signals, they can extract the desired
information from the combined primary signal.
2) End-to-End Instantaneous SNRs: Considering the IoT
signal (interference to PUs) as additional noise and invoking
the expression of Pi from (2) into (6), the end-to-end instan-
taneous SNR at PUj can be expressed as
γi,j =
µiζij |hi,j |4 + µiζijˆ |hi,j |
2|hi,jˆ |
2
(1− µi)ζij |hi,j |4 + (1− µi)ζijˆ |hi,j |
2|hi,jˆ |
2 + 1
(7)
where ζij =
3ηiρjβ
1−β and ζijˆ =
3ηiρjˆβ
1−β with ρj = Pj/σ
2 and
ρjˆ = Pjˆ/σ
2, for i ∈ {1, 2}, j, jˆ ∈ {a, b}, j 6= jˆ. On the other
hand, the received signal at IoDiˆ in the second IP phase can
be expressed as
yi,ˆi =
√
µiPihi,ˆi(xa ⊕ xb) +
√
(1− µi)Pihi,ˆixi + niˆ (8)
where niˆ is AWGN variable at IoDiˆ. Since both IoDs can have
the knowledge of the primary signals after decoding xa and
xb, they can remove the primary interference from the received
signal. Thereby, the effective instantaneous SNR at IoDiˆ in the
first BC phase can be given as
γi,ˆi = (1− µi)|hi,ˆi|
2
(
ζij |hi,j |
2 + ζijˆ |hi,jˆ |
2
)
. (9)
Similar to the second IP phase, IoDiˆ also broadcasts the
combined primary signal (xa ⊕ xb) in the third IP phase
(second BC phase) by adding its own signal xiˆ intended for
IoDi. Likewise, the effective instantaneous SNR at PUj in the
third IP phase can be given as
γiˆ,j =
µiˆζiˆj |hiˆ,j |
4 + µiˆζiˆjˆ |hiˆ,j|
2|hiˆ,jˆ |
2
(1 − µiˆ)ζiˆj |hiˆ,j |
4 + (1 − µiˆ)ζiˆjˆ |hiˆ,j|
2|hiˆ,jˆ |
2 + 1
(10)
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LIST OF PARAMETERS AND THEIR PHYSICAL MEANING/EXPRESSION,
WHERE i, iˆ ∈ {1, 2} FOR i 6= iˆ, AND j, jˆ ∈ {a, b} FOR j 6= jˆ .
Parameter Meaning/Expression
ηi Energy conversion efficiency at IoDi
β Time-switching factor
Pj Transmit powers at PUj
xj , xi Transmit symbols at PUj and IoDi
hi,j , hj,i Channel coefficients between PUj and IoDi
h
i,ˆi
Channel coefficients between IoDi and IoDiˆ
ni, nj AWGNs at IoDi and PUj with variance σ2
µi Power splitting factor at IoDi
mij Fading severity parameter of hi,j
Ωij Average power of hi,j
ri, riˆ Target rates at IoDs
rj , rjˆ Target rates at PUs
R
i,ˆi
, Ri,j Instantaneous rates at IoDs and PUs
γ
iˆ
Target SNR at IoD
iˆ
ρj Pj/σ
2
ρ
jˆ
P
jˆ
/σ2
Θj ρj/ρjˆ
ϕj 2
3rj
1−β
ϕ
jˆ
2
3r
jˆ
1−β
Ci (ϕjϕjˆ − ϕjˆ)/ρj
Di (ϕjϕjˆ − 1)/ρjˆ
φi µi − (1− µi)γth
γth 2
3rth
1−β − 1
γ˜j 2
2rj − 1
where ζiˆj =
3ηiˆρjβ
1−β and ζiˆjˆ =
3ηiˆρjˆβ
1−β with ρj = Pj/σ
2
and ρjˆ = Pjˆ/σ
2, for iˆ ∈ {1, 2}, j, jˆ ∈ {a, b}, j 6= jˆ.
Following similar steps as applied to obtain (9), the effective
instantaneous SNR at IoDi can be give as
γiˆ,i = (1− µiˆ)|hiˆ,i|
2
(
ζiˆj |hiˆ,j|
2 + ζiˆjˆ |hiˆ,jˆ |
2
)
. (11)
III. PERFORMANCE ANALYSIS
This section first obtains closed-form expressions for user
OP of primary and IoT systems under Nakagami-m fading
environment. Using these OP results, expressions of system
throughput and energy efficiency are then provided for the
considered system.
A. Outage Probability of Primary System
The OP is an important performance metric to quantify
the link reliability of a wireless system over fading channels.
With the proposed scheme, PUs can have two copies of
their intended signals received from two IoDs in consecutive
IP phases. Consequently, the outage event takes place at
any PU if its instantaneous data rate achieved by exploiting
both signal copies falls below a predefined target data rate.
Mathematically, the user OP for the primary system can be
computed as [35]
Pout,j = Pr[Qi] Pr[Qiˆ] Pr[Rsc,j < rth]
+ Pr[Qi] (1− Pr[Qiˆ]) Pr[Ri,j < rth]
+ (1− Pr[Qi]) Pr[Qiˆ] Pr[Riˆ,j < rth]
+ (1− Pr[Qi]) (1− Pr[Qiˆ]) (12)
for j ∈ {a, b}, i, iˆ ∈ {1, 2}, i 6= iˆ. Here, Pr[Qi] denotes
the probability of successful decoding of xa and xb in the
first IP phase at IoDi. In (12), the first term accounts for
the case when both IoDs successfully decode both signals
(xa and xb). On the other hand, the second and third terms
represent the cases when only one IoD decodes the primary
signals successfully. The forth term corresponds to case when
both IoDs fail to decode the primary signals. Furthermore,
rth = max(ra, rb), where ra and rb denote the target data
rates at PUa and PUb, respectively. When the SC technique
is employed at PUs to select the best signal copy (based
on the maximum SNR), the instantaneous data rate can be
given as Rsc,j =
1−β
3 log2
(
1 + max
(
γi,j , γiˆ,j
))
. Similarly,
the instantaneous data rate related to individual signal copy
at PUs can be expressed as Ri,j =
1−β
3 log2 (1 + γi,j). In
the first IP phase, a non-orthogonal multiple access scenario
is considered, where both PUs transmit their signals xa and
xb to IoDs over the same frequency band [36]. As such, the
expression for correct decoding of both primary signals at IoDi
is provided in Lemma 1 by following the procedure described
in [37] for decoding of simultaneously received signals.
Lemma 1: The expression of Pr[Qi], for i ∈ {1, 2}, in (12)
can be given as
Pr[Qi] =
{
PQi , for
mij
Ωijρj
6=
mijˆ
Ωijˆρjˆ
P˜Qi , for
mij
Ωijρj
=
mijˆ
Ωijˆρjˆ
(13)
where PQi and P˜Qi are given by (14) and (15) at the top of the
next page, with Ci = (ϕjϕjˆ − ϕjˆ)/ρj , Di = (ϕjϕjˆ − 1)/ρjˆ ,
ϕj = 2
3rj
1−β and ϕjˆ = 2
3r
jˆ
1−β .
Proof: Consider Yi , |hj,i|2 and Zi , |hjˆ,i|
2
for i ∈ {1, 2}, j, jˆ ∈ {b,m} with j 6= jˆ,
which are Gamma-distributed random variables with PDFs
fYi(yi) =
(
mij
Ωij
)mij ymij−1i
Γ[mij ]
e
−
mijyi
Ωij , yi ≥ 0, and fZi(zi) =(
mijˆ
Ωijˆ
)mijˆ zmijˆ−1i
Γ[mijˆ ]
e
−
m
ijˆ
zi
Ω
ijˆ , zi ≥ 0. In the first IP phase, for
decoding the primary signals at IoDi, the following three
conditions should be satisfied [34], [38]
1−β
3 log2(1 + ρjYi) ≥ rjˆ
1−β
3 log2(1 + ρjˆZi) ≥ rj
1−β
3 log2(1 + ρjYi + ρjˆZi) ≥ rjˆ + rj
(16)
where ρj = Pj/σ
2. Based on (16), one can formulate the
expression of Pr[Qi] as
Pr[Qi] =
∫ ∞
ϕ
jˆ
−1
ρj
fYi(yi)
∫ ∞
ϕj−1
ρ
jˆ
fZi(zi)dzidyi
−
∫ Ci
ϕ
jˆ
−1
ρj
fYi(yi)
∫ Di−Θjyi
ϕj−1
ρ
jˆ
fZi(zi)dzidyi (17)
where Ci and Di are defined after (13) and Θj = ρj/ρjˆ . On
6PQi = 1−
Υ
[
mijˆ ,
mijˆ
Ωijˆ
(
ϕj−1
ρjˆ
)]
Γ[mijˆ ]
1− Υ
[
mij ,
mij
Ωij
Ci
]
Γ[mij ]
− Υ
[
mij ,
mij
Ωij
Ci
]
Γ[mij ]
+
(
mij
Ωij
)mij
Γ[mij ]
e
−
m
ijˆ
Ω
ijˆ
Di
mijˆ−1∑
k=0
(
mijˆ
Ωijˆ
)k
k!
×
k∑
q=0
(
k
q
)
Dqi (−Θj)
k−q
mij+k−q−1∑
p=0
(
mij+k−q−1
p
)
(−1)pp!(
ρjmijˆ
ρjˆΩijˆ
−
mij
Ωij
)p+1 (e
(
ρjmijˆ
ρ
jˆ
Ω
ijˆ
−
mij
Ωij
)
Ci
C
mij+k−q−1−p
i − e
(
ρjmijˆ
ρ
jˆ
Ω
ijˆ
−
mij
Ωij
)(
ϕ
jˆ
−1
ρj
)
×
(
ϕjˆ − 1
ρj
)mij+k−q−1−p )
. (14)
P˜Qi = 1−
Υ
[
mijˆ ,
mijˆ
Ωijˆ
(
ϕj−1
ρjˆ
)]
Γ[mijˆ ]
1− Υ
[
mij ,
mij
Ωij
Ci
]
Γ[mij ]
− Υ
[
mij ,
mij
Ωij
Ci
]
Γ[mij ]
+
(
mij
Ωij
)mij
Γ[mij ]
e
−
m
ijˆ
Ω
ijˆ
Di
×
mijˆ−1∑
k=0
(
mijˆ
Ωijˆ
)k
k!
k∑
q=0
(
k
q
)
Dqi (−Θj)
k−q
mij + k − q
(
C
mij+k−q
i −
(
ϕjˆ − 1
ρj
)mij+k−q)
. (15)
rearranging the limits of (17), Pr[Si] can be represented as
Pr[Qi] =
∫ ∞
ϕ
jˆ
−1
ρj
fYi(yi)
∫ ∞
ϕj−1
ρ
jˆ
fZi(zi)dzidyi
−
∫ Ci
ϕ
jˆ
−1
ρj
fYi(yi)
∫ Di−Θjyi
0
fZi(zi)dzidyi
+
∫ Ci
ϕ
jˆ
−1
ρj
fYi(yi)
∫ ϕj−1
ρ
jˆ
0
fZi(zi)dzidyi. (18)
By inserting the respective PDFs in (18) and utilizing [30, eq.
3.381], one can express it as
PQi = 1−
Υ
[
mijˆ ,
mijˆ
Ωijˆ
(
ϕj−1
ρjˆ
)]
Γ[mijˆ ]
1− Υ
[
mij ,
mij
Ωij
Ci
]
Γ[mij ]

−
Υ
[
mij ,
mij
Ωij
Ci
]
Γ[mij ]
+
(
mij
Ωij
)mij
Γ[mij ]
e
−
m
ijˆ
Ω
ijˆ
Di
×
mijˆ−1∑
k=0
(
mijˆ
Ωijˆ
)k
k!
k∑
q=0
(
k
q
)
Dqi (−Θj)
k−q
×
∫ Ci
ϕ
jˆ
−1
ρj
y
mij−1+k−q
i e
−
(
mij
Ωij
−
Θjmijˆ
Ω
ijˆ
)
yi
dyi. (19)
On solving the last integration of (19) with the help of [30,
eq. 2.321], the expression of Pr[Qi] can be given as in (13).
Next, the probability term Psc,j , Pr[Rsc,j < rth] in (12)
can be formulated as
Psc,j = Pr[max(γi,j , γiˆ,j) < γth] =
2∏
i=1
Fγi,j (γth) (20)
where γth = 2
3rth
1−β − 1. Further, the expression of Fγi,j (γth) is
given in the following Lemma.
Lemma 2: The CDF Fγi,j (γth) can be expressed as
Fγi,j (γth) =
{
F˜γi,j for
γth
1+γth
< µi < 1
1 for 0 < µi <
γth
1+γth
(21)
where
F˜γi,j =
Υ
[
mij ,
mij
Ωij
√
γth
ζijφi
]
Γ[mij ]
−
mijˆ−1∑
k=0
(
mijˆ
Ωijˆφiζijˆ
)k
k!
×
(
mij
Ωij
)mij
Γ[mij ]
k∑
n=0
(
k
n
)
γnth(−ζijφi)
k−nIm, (22)
and φi = µi − (1 − µi)γth. Further, the expression of Im is
given for two cases, as
Im =
 I1, for
mijˆζij
Ωijˆζijˆ
6= mijΩij
I2, for
mijˆζij
Ωijˆζijˆ
=
mij
Ωij
(23)
where I1 and I2 are given in (24) and (25) on the next page.
Proof: The CDF Fγi,j (γth) can be formulated using (7)
as
Fγi,j (γth) = Pr
[
µiζijY
2
i + µiζijˆYiZi
(1− µi)(ζijY 2i + ζijˆYiZi) + 1
< γth
]
= Pr
[
Zi <
((1 − µi)γth − µi) ζijY 2i + γth
(µi − (1 − µi)γth) ζijˆYi
]
.
(26)
When the term (µi − (1− µi)γth) ≤ 0, the CDF Fγi,j (γth) =
1. On the other hand, when (µi − (1− µi)γth) > 0, the
expression of Fγi,j (γth) can be formulated as
Fγi,j (γth) =
∫ √ γth
ζijφi
yi=0
fYi(yi)
∫ γth−ζijφiy2i
φiζijˆ
yi
zi=0
fZi(zi)dzi dyi
(27)
7I1 =
∞∑
p=0
(
mijˆζij
Ωijˆζijˆ
− mijΩij
)p
p!
(
mijˆγth
Ωijˆφiζijˆ
)p+k−2n+mij (
mijˆγth
Ωijˆφiζijˆ
√
ζijφi
γth
)− (p+k−2n+mij+1)2
e
−
m
ijˆ
γth
2Ω
ijˆ
φiζijˆ
√
ζijφi
γth
×W
−
(p+k−2n+mij+1)
2 ,
1−(p+k−2n+mij+1)
2
(
mijˆγth
Ωijˆφiζijˆ
√
ζijφi
γth
)
. (24)
I2 =
(
mijˆγth
Ωijˆφiζijˆ
)k−2n+mij (
mijˆγth
Ωijˆφiζijˆ
√
ζijφi
γth
)− (k−2n+mij+1)2
e
−
m
ijˆ
γth
2Ω
ijˆ
φiζijˆ
√
ζijφi
γth
×W
−
(k−2n+mij+1)
2 ,
1−(k−2n+mij+1)
2
(
mijˆγth
Ωijˆφiζijˆ
√
ζijφi
γth
)
. (25)
where φi is defined after (22). After inserting the respective
PDFs in (27) and applying [30, eqs. 3.381.1, 8.352.1], one
obtains
Fγi,j (γth) =
Υ
[
mij ,
mij
Ωij
√
γth
ζijφi
]
Γ[mij ]
−
mijˆ−1∑
k=0
(
mijˆ
Ωijˆφiζijˆ
)k
k!
×
(
mij
Ωij
)mij
Γ[mij ]
k∑
n=0
(
k
n
)
γnth(−ζijφi)
k−n
×
∫ √ γth
ζijφi
yi=0
y
mij+k−2n−1
i e
−
m
ijˆ
γth
Ω
ijˆ
φiζijˆ
yi e
(
m
ijˆ
ζij
Ω
ijˆ
ζ
ijˆ
−
mij
Ωij
)
yi
dyi.
(28)
As the solution of (28) for the general case is mathematically
intractable, this paper provides the solutions for two cases.
Case-1: For
mijˆζij
Ωijˆζijˆ
6= mijΩij , after applying Maclaurin series
expansion for the last exponential term of (28), one has
Fγi,j (γth)=
Υ
[
mij ,
mij
Ωij
√
γth
ζijφi
]
Γ[mij ]
−
mijˆ−1∑
k=0
(
mijˆ
Ωijˆφiζijˆ
)k
k!
(
mij
Ωij
)mij
Γ[mij ]
×
k∑
n=0
(
k
n
)
γnth(−ζijφi)
k−n
∞∑
p=0
(
mijˆζij
Ωijˆζijˆ
−
mij
Ωij
)p
p!
×
∫ √ γth
ζijφi
yi=0
y
p+mij+k−2n−1
i e
−
m
ijˆ
γth
Ω
ijˆ
φiζijˆ
yi dyi. (29)
By applying change of variables with t =
mijˆγth
Ωijˆφiζijˆyi
, and then
utilizing [30, eq. 3.381.6], the solution is obtained as given in
(21) and (24).
Case-2: For
mijˆζij
Ωijˆζijˆ
=
mij
Ωij
, making change of variables t =
mijˆγth
Ωijˆφiζijˆyi
in (28), and then using [30, eq. 3.381.6], one obtains
the solution as given in (21) and (25).
The same derivation steps can be followed to obtain expres-
sions of other probabilities of (12) by replacing i with iˆ and
vice-versa in Lemma 2. On inserting (13)-(25) into (12), one
can get the desired OP expression for the primary system.
B. Outage Probability of IoT System
An outage event occurs at the IoD if any IoDs fail to decode
the primary signals or the instantaneous rate achieved at that
node falls below a predefined target rate. Following this, the
user OP of the IoT system can be formulated as
Pout,ˆi = 1− Pr[Qi] Pr[Qiˆ]Pr[Ri,ˆi > riˆ] (30)
for i, iˆ ∈ {1, 2} and i 6= iˆ, where riˆ is the target rate at IoDiˆ.
Moreover,Ri,ˆi = ((1−β)/3) log2(1+γi,ˆi) is the instantaneous
rate at IoDiˆ. The decoding probabilities are already derived
in Lemma 1 and the remaining term can be calculated as
Pr[Ri,ˆi > riˆ] = 1−Pr[Ri,ˆi < riˆ] , 1−Fγi,ˆi(γ iˆ). Further, the
expression of Fγi,ˆi(γ iˆ) is given in the following Lemma.
Lemma 3: The CDF Fγi,ˆi(γ iˆ) can be expressed as
Fγi,ˆi(γ iˆ) = 1−
mij−1∑
q=0
(
mijγ iˆ
Ωij(1−µi)ζij
)q
Γ[miˆi]q!
(
miˆi
Ωiˆi
)miiˆ
× 2
(
mijγ iˆΩiˆi
Ωijmiˆi(1 − µi)ζij
)miiˆ−q
2
×Kmiiˆ−q
(
2
√
mijγ iˆmiˆi
Ωij(1− µi)ζijΩiˆi
)
− I3 (31)
where γ iˆ = 2
3r
iˆ
1−β − 1 and the expression of I3 is given on top
of the next page.
Proof: X , |hi,ˆi|
2 is a Gamma distributed random vari-
able with PDF as fX(x) =
(
miiˆ
Ωiiˆ
)miiˆ xmiiˆ−1
Γ[miiˆ]
e
−
m
iiˆ
x
Ω
iiˆ , x ≥ 0.
On utilizing (9), the CDF Fγi,ˆi(γ iˆ) can be formulated as
Fγi,ˆi(γ iˆ) = Pr
[
(1− µi)ζijYiX + (1 − µi)ζijˆZiX < γ iˆ
]
= Pr
[
Zi <
γ iˆ − (1− µi)ζijYiX
(1 − µi)ζijˆX
]
. (33)
8I3 =
(
miiˆ
Ωiiˆ
)miiˆ
Γ[miˆi]
mijˆ−1∑
k=0
(
mijˆ
Ωijˆ(1−µi)ζijˆ
)k
k!
k∑
s=0
(
k
s
)
γs
iˆ
(−1)k−s((1− µi)ζij)
k−s
∞∑
p=0
(
mijˆζij
Ωijˆζijˆ
)p
p!
(
mij
Ωij
)−p−k+s
× 2Γ[p+mij + k − s]
((
mijˆγ iˆΩiˆi
Ωijˆ(1− µi)ζijˆmiˆi
)miiˆ−s
2
Kmiiˆ−s
(
2
√
mijˆγ iˆmiˆi
Ωijˆ(1− µi)ζijˆΩiˆi
)
−
p+mij+k−s−1∑
l=0
(
mijγ iˆ
Ωij(1−µi)ζij
)l
l!
×
((
mijˆγ iˆ
Ωijˆ(1− µi)ζijˆ
+
mijγ iˆ
Ωij(1− µi)ζij
)
Ωiˆi
miˆi
)miiˆ−s−l
2
Kmiiˆ−s−l
2
√√√√( mijˆγ iˆ
Ωijˆ(1− µi)ζijˆ
+
mijγ iˆ
Ωij(1− µi)ζij
)
miˆi
Ωiˆi
).
(32)
Based on (33), Fγi,ˆi(γ iˆ) can be formulated in integration form
as
Fγi,ˆi(γ iˆ) =
∫ ∞
x=0
fX(x)
∫ γiˆ
(1−µi)ζijx
yi=0
fYi(yi)
× FZi
(
γ iˆ − (1− µi)ζijyix
(1− µi)ζijˆx
)
dyi dx. (34)
Now, after applying some mathematical formulations and
utilizing [30, eq. 3.471.9], (34) can be expressed as
Fγi,ˆi(γ iˆ)= 1−
mij−1∑
q=0
(
mijγiˆ
Ωij(1−µi)ζij
)q
Γ[miˆi]q!
(
miˆi
Ωiˆi
)miiˆ
× 2
(
mijγ iˆΩiˆi
Ωijmiˆi(1 − µi)ζij
)miiˆ−q
2
×Km
iiˆ
−q
(
2
√
mijγ iˆmiˆi
Ωij(1− µi)ζijΩiˆi
)
−
(
mij
Ωij
)mij
Γ[mij ]
×
∫ ∞
x=0
fX(x)e
−
m
ijˆ
γ
iˆ
Ω
ijˆ
(1−µi)ζijˆ
x
mijˆ−1∑
k=0
(
mijˆ
Ωijˆ(1−µi)ζijˆx
)k
k!
×
k∑
s=0
(
k
s
)
γs
iˆ
(−1)k−s((1 − µi)ζijx)
k−s
×
∫ γiˆ
(1−µi)ζijx
yi=0
y
mij−1+k−s
i e
(
m
ijˆ
ζij
Ω
ijˆ
ζ
ijˆ
−
mij
Ωij
)
yi
dyidx.
(35)
On applying Maclaurin series expansion to the term e
m
ijˆ
ζij
Ω
ijˆ
ζ
ijˆ
in (35) and using [30, eqs. 3.471.9], the desired solution is
obtained as given in Lemma 3.
On inserting (13) and (31) in (30), one can obtain the desired
OP expression for the IoT system.
C. System Throughput
For a delay-limited scenario, the system throughput for the
considered cognitive radio network can be defined as the
sum of average target rates of two primary and two IoT
transmissions that can be successfully achieved over fading
channels [32], [33]. Therefore, one can express the system
throughput as
ST = Sp + SIoT (36)
where Sp and SIoT are throughputs of the primary and IoT
systems, respectively. By utilizing the expressions of individ-
ual OP of primary and IoT links, the expressions of Sp and
SIoT are given as [33]
Sp =
(1− β)
3
[
(1− Pout,a)ra + (1− Pout,b)rb
]
(37)
and
SIoT =
(1− β)
3
[
(1− Pout,1)r1 + (1− Pout,2)r2
]
(38)
where Pout,a & Pout,b are given in (12) and Pout,1 & Pout,2 are
defined in (30).
D. Energy Efficiency
Designing energy efficient wireless networks is getting
much attention nowadays and it proceeds towards relying on
green communication technologies [39]. Consequently, it is
relevant to examine the energy efficiency and investigate the
impact of different parameters. The energy efficiency of the
considered EH-based cognitive radio can be defined, based on
the classical definition, as the ratio of total amount of data
delivered to the total amount of consumed energy [32]. For a
delay-limited scenario, the expression of energy efficiency is
ηTSEE =
ST(
1+2β
3
)
(Pa + Pb)
(39)
where ST is given in (36).
E. Effective Spectrum Sharing
When both PUs communicate to each other directly without
receiving relay cooperation of IoDs, the achievable rate RD
jˆ,j
at the primary nodes can be expressed as
RD
jˆ,j
=
1
2
log2
(
1 +
Pjˆ |hjˆ,j|
2
σ2
)
. (40)
9Here the pre-log factor 1/2 appears due to the fact that two
successive phases are required to realize end-to-end transmis-
sions. Hereby, the OP for this direct transmission link can be
given as
PDout,j = Pr
[
Pjˆ |hjˆ,j |
2
σ2
< γ˜j
]
=
Υ
[
mjˆj ,
mjˆj γ˜jσ
2
ΩjˆjPjˆ
]
Γ[mjˆj ]
, (41)
where γ˜j = 2
2rj − 1. In fact, the spectrum sharing for IoT
devices can be permissible until it does not affect the required
outage performance of the primary system. However, for
effective spectrum sharing, the primary links of the considered
EH-enabled system should attain equal or lower OP than that
of the direct transmissions (without spectrum sharing) of the
primary system for the same predefined target rate [35], [40],
i.e.,
Pout,a ≤ P
D
out,a and Pout,b ≤ P
D
out,b. (42)
On utilizing (42), one can obtain the critical value of power
splitting factor (say µ⋆) for which the system can offer effec-
tive spectrum sharing, where µ⋆ ≤ µi. Although the analytical
evaluation of µ⋆ directly from (42) appears mathematically
intractable, numerical methods can be used to obtain the
desired value.
F. Average End-to-End Transmission Time
The estimation of end-to-end transmission time for a packet
to reach the destination is useful in the design of cognitive
radio networks to meet latency requirements. According to
Shannon’s third theorem, the transmission time is inversely
proportional to the achievable transmission rate of the corre-
sponding channel [41]. Therefore, the time taken by a packet to
arrive at the destination Sm after transmitting from the source
Sl is given by
∆l,m =
L
W log2(1 + γl,m)
=
L˜
ln(1 + γl,m)
(43)
where L is the length of the packet, W is the bandwidth
of the channel, and L˜ = L ln(2)/W . Further, it is as-
sumed that the transmission time and processing time of
feedback/acknowledgment signals are negligible as compared
to the packet transmission time and the transmitted packet
arrives at the destination node before time-out [42], [43]. With
the considered system, the total transmission time is given as
∆j,jˆ = TEH + TIP (44)
where TEH denotes the time taken for energy harvesting and
TIP represents the time taken for information processing and
broadcasting. Since TEH = βT and TIP = (1 − β)T , the
relationship between TEH and TIP is TEH =
β
1−βTIP. Now, (44)
can be expressed as
∆j,jˆ =
1
1− β
TIP. (45)
TABLE II
NUMBER OF TERMS REQUIRED IN INFINITE SERIES OF (12) AND (30) FOR
ACHIEVING ACCURACY UP TO FIRST SEVEN DECIMAL PLACES.
Index p
Pout,a in (12) Pout,1 in (30)
SNR = 5dB 10dB 10dB 15dB
1 0.720438 0.129212 0.408842 0.0859022
2 0.618687 0.108401 0.359605 0.0674041
3 0.644159 0.111233 0.338323 0.0610553
4 0.639092 0.110922 0.329713 0.0588903
5 0.639904 0.11095 0.326344 0.0581447
6 0.639794 0.110947 0.325048 0.0578843
7 0.639807 0.110948 0.324553 0.057792
8 0.639806 0.110948 0.324365 0.0577589
9 0.639806 0.110948 0.324293 0.0577469
10 0.639806 0.110948 0.324266 0.0577425
11 0.639806 0.110948 0.324255 0.0577408
12 0.639806 0.110948 0.324251 0.0577402
13 0.639806 0.110948 0.324250 0.0577400
14 0.639806 0.110948 0.324249 0.0577399
15 0.639806 0.110948 0.324249 0.0577399
For the considered relaying scheme, the average end-to-end
transmission time from PUj to PUjˆ is determined as
∆j,jˆ=
1
1−β
(
Pr[Qi] (1− Pr[Qiˆ])
(
E
[
max
(
∆j,i,∆j,ˆi
)]
+E[∆i,jˆ ]
)
+ Pr[Qiˆ] (1− Pr[Qi])
(
E
[
max
(
∆j,i,∆j,ˆi
)]
+E[∆iˆ,jˆ ]
)
+Pr[Qi]Pr[Qiˆ]
(
E
[
max
(
∆j,i,∆j,ˆi
)]
+E[∆i,jˆ ]+E[∆iˆ,jˆ ]
))
(46)
where i, iˆ ∈ {1, 2} and j, jˆ ∈ {a, b}, with i 6= iˆ, j 6= jˆ.
Furthermore, ∆j,i, ∆j,ˆi, ∆i,jˆ , and ∆i,j can be obtained from
(43) by inserting respective expressions of the instantaneous
SNRs. If any relaying device fails to decode primary signals in
the MAC phase, then it aborts broadcasting of the combined
signal in the assigned BC phase. As a result, a limited feedback
signal will be transmitted by that device to acknowledge all the
corresponding nodes. For brevity, it is assumed that the time
taken in this process is negligible [43]. For the case when
both relaying IoDs successfully decode the primary signals
and broadcast in two consecutive BC phases, the average end-
to-end transmission time will predominantly depend on the
receiving time of both signal copies at the destination node
for exploiting the selection combining technique. Note that,
the exact derivation of (46) is highly intractable due to the
involved complexity. As such, (46) is computed with Monte
Carlo simulation in MATLAB. On the other hand, the average
end-to-end transmission time for the direct transmission from
PUj to PUjˆ can be formulated as
∆
(D)
j,jˆ = E
 L˜
ln
(
1 + γD
j,jˆ
)
 (47)
For numerical results, (46) and (47) are used to compare the
end-to-end transmission time of our proposed scheme and the
direct-link transmission time.
IV. NUMERICAL AND SIMULATION RESULTS
This section presents numerical and simulation results and
discusses the impact of key system/channel parameters on
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Fig. 3. OP versus SNR curves for PUb → PUa link.
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Fig. 4. OP versus SNR curves for IoD2 → IoD1 link.
the performance of the considered SWIPT-enabled cognitive
radio system. For all the numerical results, it is assumed that
Pa = Pb = P and define P/σ
2 as the transmit SNR. Further,
this paper adopts a path-loss model where the variances
of channel gains are defined in terms of the corresponding
distances between two nodes and the path-loss exponent. As
such, for links PUa → IoD1 and PUa → IoD2, the variances of
channel coefficients are defined as Ω1a = d
−ν
1a and Ω2a = d
−ν
2a ,
respectively. Similarly, for PUb → IoD1, PUb → IoD2, and
IoD2 → IoD1 links, the variances of channel coefficients are
Ω1b = d
−ν
1b , Ω2b = d
−ν
2b , and Ω12 = d
−ν
12 , respectively. All
simulation results were obtained by considering that d1a =
d2a = 1, d1b = d2b = 0.9, and d12 = 1 with path-loss
exponent ν = 3. Moreover, fading severity parameters are
set as m1a = m2a = ma and m1b = m2b = mb. The values
of other system/channel parameters vary in different figures
and are specified therein. For obtaining numerical values in
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Table II, the parameters are set as ma = mb = m12 = 2,
β = 0.2, η1 = η2 = 0.7, and ra = rb = r1 = r2 = 1/3.
As depicted in Table II, the infinite series involved in (23)
and (31) are truncated to include the first fifteen terms for
achieving the sufficient accuracy (first seven decimal places)
in all the analytical results.
A. Outage Probability with SNR
In obtaining Fig. 3, the system parameters are set as η1 =
η2 = 0.7, β = 0.2, and ra = rb = rth = 1/3 bps/Hz. This
figure shows the OP versus SNR curves for the primary link
PUb → PUa of the considered system with various fading
scenarios. All the analytical curves are in good consonance
with the simulation results, which confirms the accuracy of
the derived analytical expressions. It can be seen From Fig.
3 that when the value of ma and/or mb increases from 1 to
2, the user OP performance of the primary system improves.
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From this, one can infer that the system experiences better OP
performance with comparatively less severe fading conditions.
Given that the OP performance improves with higher SNR
values, a required SNR value can be identified to achieve a
desired link reliability. Moreover, Fig. 3 also shows OP curves
for different values of power splitting factors µ1 and µ2. It
can be observed that as the value of µi increases, the OP of
the primary link also improves. This behavior is in agreement
with the modeling of spectrum sharing system, where a higher
value of µi represents that more power is assigned for primary
transmissions.
Fig. 4 plots the OP curves versus SNR of the IoT link
IoD2 → IoD1 for different fading scenarios. For this figure,
the target rate is set as r1 = 1/3 and all other parameters
are the same as in Fig. 3. As can be seen, all the simulation
points are in perfect match with the corresponding analytical
curves. Similar to Fig. 3, as the value of fading parameters
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increases, the OP of the IoT link also improves. On the other
hand, when the value of µi increases, the corresponding OP
of the IoT link degrades. This is because the power allocated
for IoT transmissions is scaled by (1− µi) term.
B. Outage Probability with TS Factor
For numerical investigation in Fig. 5, the parameter µ1 =
µ2 = 0.9, SNR = 15dB. This figure plots OP curves versus
the TS factor β for various fading scenarios and different
values of energy conversion efficiency at the IoDs. From
Fig. 5, one can see that for a given set of parameters, the
primary system achieves the lowest OP at a certain value of
β. If the value of β increases or decreases from that value,
the system OP performance degrades. For lower values of
β, OP increases because less time is allocated for EH at
IoDs and hence less transmit power available at IoDs. On
the other hand, when the value of β increases after a certain
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value, the OP also increases due to a drastic rise in the target
SNR with the factor 2
3rth
1−β − 1. Therefore, it is crucial to set
an appropriate value of β to get optimal OP performance.
Moreover, when the target rate at PUs increases, the OP
performance of the primary link degrades. This behavior shows
the trade-off between link reliability and achievable data rate
for the primary system. Energy conversion efficiency is another
key factor in determining the OP performance of the primary
link. Lower values of η1 and η2 lead to lower OP performance.
Fig. 6 shows OP versus β curves of the IoT link for various
fading scenarios and SNR values. In this figure, the value of
energy conversion efficiency is fixed as η1 = η2 = 0.7 and
power splitting factor is set as µ1 = µ2 = 0.7. From this
figure, one can see that as the target rate increases from 1/9 to
1/3, the OP performance of the IoT link degrades. However,
this degradation in OP performance can be recovered if the
value of SNR increases from 15dB to 20dB.
C. Outage Probability with Spectrum Sharing Factor
Section III-E highlights that for effective spectrum sharing,
the value of power splitting factor µi should be chosen
carefully. In addition, Figs. 3 and 4 also demonstrate that
the value of power splitting factor has crucial impacts on the
performance of both primary and IoT systems. Hereby, OP
versus µ curves are plotted in Figs. 7 and 8 for the primary and
IoT systems, respectively, to show the feasible range and offer
some insightful observations. In Fig. 7, the system parameters
are set as β = 0.2, η1 = η2 = 0.7, and SNR = 25dB. From
this figure, one can observe that for the effective spectrum
sharing, the value of µi should be greater than a certain value.
For determining that critical value of µi, the solution of (42)
is obtained using a numerical method. In Fig. 7, the critical
value of µi (µ
⋆) can be referred as a point at which the
OP of the primary link with the proposed scheme shows the
same OP of direct transmission (shown by horizontal lines)
curves. As such, for µ⋆ < µi, the primary system exhibits
better outage performance than that of the direct transmission.
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Consequently, the effective range for spectrum sharing can be
given as µ⋆ < µi < 1. On the other hand, with the setting of
rth = 1/3 bps/Hz and β = 0.2, the feasible range of power
splitting factor will be 0.58 < µi < 1 for enabling spectrum
sharing. Below this value, the OP of the primary link becomes
unity as also highlighted by Lemma 2. From here, one can
note that the minimum possible value of µi depends only
on the TS parameter β and target rates of the corresponding
primary links. Further, in Fig. 8, the system parameters are
set as β = 0.2, rth = 1/3, and SNR = 20dB. It can be
seen from this figure that, as the value of µi increases, the
OP performance of the IoT link degrades. Different from the
primary link, the IoT link shows considerable OP performance
for the entire range of µi.
D. System Throughput
Fig. 9 plots the system throughput versus SNR curves.
Herein, the parameters are set as ma = mb = m12 = 1,
β = 0.2, µ1 = µ2 = 0.8 and η1 = η2 = 0.7. Observe that,
for low SNR values, the curves corresponding to higher target
rates show lower system throughput as compared to the curves
corresponding to lower target rates. This is due to the fact that
in the low SNR region, as the value of target rate increases,
the corresponding target SNR also increases, which degrades
the OP performance of both systems. When the OP of both
systems become higher, the system throughput decreases. On
the contrary, in medium to high SNR region, the impact of
degradation in OP performance is less as compared to the
enhancement due to higher target rates. After a particular SNR
value, the system throughput curves attain a saturation point
that can be referred to as the maximum achievable throughput
for the considered set of parameters.
The setting of TS factor is also crucial for system throughput
performance. Fig. 10 shows the system throughput versus β
curves. Herein, the parameters are set as ma = mb = m12 =
2, η1 = η2 = 0.7, µ1 = µ2 = 0.8, and SNR = 10dB. As
expected, the curves corresponding to higher target rates attain
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the maximum achievable throughput in the range 0 < β < 0.5.
For the case when target rate is rth = 1/3, the system achieves
the maximum throughput at β = 0.18 for the considered set of
parameters. When the target rates decrease, the value of β at
which the system attains the maximum throughput also shifts
towards lower values.
E. Energy Efficiency
To reveal the impact of different parameters on the overall
energy efficiency of the considered system, Fig. 11 plots
the energy efficiency versus SNR and target rate. Here, the
parameters are set as β = 0.2, η1 = η2 = 0.7, µ1 = µ2 = 0.8,
and the target rates of both primary and IoT systems are
assumed to be equal. From this figure, one can see that with
a lower target rate, the system achieves significant energy
efficiency at lower SNR values. For example, when the target
rate is 0.1 bps/Hz, the maximum energy efficiency is achieved
at 0dB. On the other hand, when the target rate is higher, the
system attains better energy efficiency from medium to high
SNR regime. Based on this observation, one can infer that the
maximum energy efficiency can be attained at specific values
of SNRs only, and that depends on the required target rates.
As such, when the target rate increases from a lower value,
the SNR value for which the system achieves the maximum
energy efficiency also shifts towards the higher value.
F. Average Transmission Time
Fig. 12 plots the average end-to-end transmission times
versus the transmit SNR for the proposed relaying scheme and
direct transmission (without spectrum sharing). For the results
in this figure, the parameters are set as L = 4096, W = 1
MHz, η1 = η2 = 0.7, µ1 = µ2 = 0.9, r1 = r2 = 1/6 bps/Hz,
and ma = mb = mab = 1. As naturally expected, the end-
to-end transmission time of the proposed scheme is higher
than the transmission time of direct transmission. However,
the absolute transmission times and their difference quickly
decrease as the SNR increases. This small drawback should be
easily outweighted by the superiority of the proposed scheme
with regard to other important performance metrics, including
spectral efficiency, link reliability, and energy efficiency.
V. CONCLUSION
This paper proposed a SWIPT-based spectrum sharing
scheme to enable IoT communications in the licensed spec-
trum and to realize the primary communications with improved
link reliability. A pair of SWIPT-based IoDs has been consid-
ered for providing relay assistance to primary transmission
by applying decode-and-forward operation. First, this paper
analyzed the outage performance of both primary and IoT
systems with the proposed scheme under Nakagami-m fading.
Then, it formulated the expressions of energy efficiency and
system throughput. Further, it discussed the condition for spec-
trum sharing for which the OP performance of the proposed
scheme is equal or lower than that of the direct transmission.
Numerical and simulation results elucidated the accuracy of all
the derived expressions and highlighted the impacts of some
critical design parameters, e.g., power splitting factor and time
switching factor, on the system performance. Above all, this
work incorporated the concept of the cognitive radio system,
SWIPT, and spectral efficient relaying for the deployment of
future IoT systems.
REFERENCES
[1] A. A. Khan, M. H. Rehmani, and A. Rachedi, “Cognitive-radio-
based internet of things: Applications, architectures, spectrum related
functionalities, and future research directions,” IEEE Wireless Commun.,
vol. 24, no. 3, pp. 17-25, June 2017.
[2] A. O. Ercan, O. Sunay, and I. F. Akyildiz, “RF energy harvesting
and transfer for spectrum sharing cellular IoT communications in 5G
systems,” IEEE Trans. Mobile Computing, vol. PP, no. 99, pp. 1-1,
2018.
[3] X. Liu and N. Ansari, “Green relay assisted D2D communications with
dual batteries in heterogeneous cellular networks for IoT,” IEEE Internet
of Things J., vol. 4, no. 5, pp. 1707-1715, Oct. 2017.
[4] M. Gharbieh, H. ElSawy, A. Bader, and M. S. Alouini, “Spatiotemporal
stochastic modeling of IoT enabled cellular networks: Scalability and
stability analysis,” IEEE Trans. Commun., vol. 65, no. 8, pp. 3585-
3600, Aug. 2017.
[5] L. R. Varshney, “Transporting information and energy simultaneously,”
Proc. IEEE ISIT, pp. 1612-1616, July 2008.
[6] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Wireless-
powered relays in cooperative communications: Time-switching relaying
protocols and throughput analysis,” IEEE Trans. Commun., vol. 63, pp.
1607-1622, May 2015.
[7] X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power
transfer: Architecture design and rate-energy tradeoff,” IEEE Trans.
Commun., vol. 61, no. 11, pp. 4754-4767, Nov. 2013.
[8] L. Wang, F. Hu, Z. Ling, and B. Wang, “Wireless information and power
transfer to maximize information throughput in WBAN,” IEEE Internet
of Things J., vol. 4, no. 5, pp. 1663-1670, Oct. 2017.
[9] F. Benkhelifa, K. Tourki, and M. S. Alouini, “Proactive spectrum sharing
for SWIPT in MIMO cognitive radio systems using antenna switching
technique,” IEEE Trans. Green Commun. Netw., vol. 1, no. 2, pp. 204-
222, June 2017.
[10] A. Goldsmith, S. Jafa, I. Maric, and S. Srinivasa, “Breaking spectrum
gridlock with cognitive radios: an information thoertic perspective,”
Proc. of the IEEE, vol. 97, no. 5, pp. 894-914, May 2009.
[11] T. Li, P. Fan, and K. B. Letaief, “Outage probability of energy harvesting
relay-aided cooperative networks over rayleigh fading channel,” IEEE
Trans. Veh. Technol., vol. 65, pp. 972-978, Jan. 2016.
[12] H. Lee, C. Song, S.-H. Choi, and I. Lee, “Outage probability analysis
and power splitter designs for SWIPT relaying systems with direct link,”
IEEE Commun. Lett., Nov. 2016.
[13] J. Men, J. Ge, C. Zhang, and J. Li, “Joint optimal power allocation
and relay selection scheme in energy harvesting asymmetric two-way
relaying system,” IET Commun., vol. 9, no. 11, pp. 1421-1426, July
2015.
[14] G. Du, K. Xiong, Y. Zhang, and Z. Qiu, “Outage analysis and
optimization for time switching-based two-way relaying with energy
harvesting relay node,” KSII Trans. Internet and Info. Systems, vol. 9,
no. 2, pp. 545-563, Feb. 2015.
[15] R. Hu and T.-M. Lok, “Power splitting and relay optimization for two-
way relay SWIPT systems,” Proc. IEEE ICC, Malaysia, May 2016.
[16] C. Peng, F. Li, and H. Liu, “Optimal power splitting in two-way decode-
and-forward relay networks,” IEEE Commun. Lett., vol. 21, no. 9, pp.
2009-2012, Sep. 2017.
[17] T. P. Do, I. Song, and Y. H. Kim, “Simultaneous wireless transfer
of power and information in a decode-and-forward two-way relaying
network,” IEEE Trans. Wireless Commun., vol. 16, no. 3, pp. 1579-
1592, Mar. 2017.
[18] S. Yin, E. Zhang, Z. Qu, L. Yin, and S. Li, “Optimal cooperation strategy
in cognitive radio systems with energy harvesting,” IEEE Trans. Wireless
Commun., vol. 13, no. 9, pp. 4693-4707, Sept. 2014.
[19] Z. Wang, Z. Chen, B. Xia, L. Luo, and J. Zhou, “Cognitive relay
networks with energy harvesting and information transfer: Design,
analysis, and optimization,” IEEE Trans. Wireless Commun., vol. 15,
no. 4, pp. 2562-2576, Apr. 2016.
[20] G. Im and J. H. Lee, “Outage probability of underlay cognitive radio
networks with SWIPT-enabled relay,” Proc. IEEE VTC 2015-Fall,
Boston, MA, 2015, pp. 1-5.
14
[21] Z. Yang, Z. Ding, P. Fan, and G. K. Karagiannidis, “Outage perfor-
mance of cognitive relay networks with wireless information and power
transfer,” IEEE Trans. Veh. Technol., vol. 65, no. 5, pp. 3828-3833, May
2016.
[22] S. S. Kalamkar and A. Banerjee, “Interference-aided energy harvesting:
Cognitive relaying with multiple primary transceivers,” IEEE Trans.
Cognit. Commun. Netw., vol. 3, no. 3, pp. 313-327, Sept. 2017.
[23] D. K. Verma, R. Y. Chang, and F. T. Chien, “Energy-assisted decode-
and-forward for energy harvesting cooperative cognitive networks,”
IEEE Trans. Cognit. Commun. Netw., vol. 3, no. 3, pp. 328-342, Sep.
2017.
[24] J. Yan and Y. Liu, “A dynamic SWIPT approach for cooperative
cognitive radio networks,” IEEE Trans. Veh. Technol., vol. 66, no. 12,
pp. 11122-11136, Dec. 2017.
[25] B. V. Nguyen, H. Jung, D. Har, and K. Kim, “Performance analysis of a
cognitive radio network with an energy harvesting secondary transmitter
under Nakagami-m fading,” IEEE Access, vol. 6, pp. 4135-4144, 2018.
[26] Z. Wang, Z. Chen, Y. Yao, B. Xia, and H. Liu, “Wireless energy har-
vesting and information transfer in cognitive two-way relay networks,”
IEEE GLOBECOM-2014, Austin, TX, 2014, pp. 3465-3470.
[27] Z. Yang, W. Xu, Y. Pan, C. Pan, and M. Chen, “Energy efficient resource
allocation in machine-to-machine communications with multiple access
and energy harvesting for IoT,” IEEE Internet of Things J., vol. 5, no.
1, pp. 229-245, Feb. 2018.
[28] X. Huang, R. Yu, J. Kang, Z. Xia, and Y. Zhang, “Software defined
networking for energy harvesting internet of things,” IEEE Internet of
Things J., vol. PP, no. 99, pp. 1-1, 2018.
[29] Z. Yan, S. Chen, X. Zhang, and H. L. Liu, “Outage performance analysis
of wireless energy harvesting relay-assisted random underlay cognitive
networks,” IEEE Internet of Things J., vol. PP, no. 99, pp. 1-1, 2018.
[30] I. Gradshteyn and I. Ryzhik, “Table of integrals, series, and products,”
Academic Press, San Diego, California, 7th ed., 2007.
[31] Y. Pei and Y. C. Liang, “Resource allocation for device-to-device
communications overlaying two-way cellular networks,” IEEE Trans.
Wireless Commun., vol. 12, no. 7, pp. 3611-3621, July 2013.
[32] Y. Liu, L. Wang, M. Elkashlan, T. Q. Duong, and A. Nallanathan,
“Two-way relay networks with wireless power transfer: Design and
performance analysis,” IET Commun., vol. 10, no. 14, pp. 1810-1819,
June 2016.
[33] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Relaying
protocols for wireless energy harvesting and information processing,”
IEEE Trans. Wireless Commun., vol. 12, no. 7, pp. 3622-3636, July
2013.
[34] R. Wang, M. Tao, and Y. Liu, “Optimal linear transceiver designs for
cognitive two-way relay networks,” IEEE Trans. Signal Process., vol.
61, no. 4, pp. 992-1005, Feb. 2013.
[35] Q. Li, S. H. Ting, A. Pandharipande, and Y. Han, “Cognitive spectrum
sharing with two-way relaying systems,” IEEE Trans. Veh. Technol.,
vol. 60, no. 3, pp. 1233-1240, Mar. 2011.
[36] P. Popovski and H. Yomo, “Physical network coding in two-way wireless
relay channels,” Proc. IEEE ICC, Glasgow, Scotland, pp. 701-712, June
2007.
[37] M. T. Cover and J. A. Thomas, Elements of Information Theory, Wiley-
Interscience, New York, 1991.
[38] X. Zhang, Z. Zhang, J. Xing, R. Yu, P. Zhang, and W. Wang, “Exact
outage analysis in cognitive two-way relay networks with opportunistic
relay selection under primary user’s interference,” IEEE Trans. Veh.
Technol., vol. 64, no. 6, pp. 2502-2511, June 2015.
[39] Y. Huang, M. Liu, and Y. Liu, “Energy-efficient SWIPT in IoT
distributed antenna systems,” IEEE Internet of Things J., vol. PP, no.
99, pp. 1-12, 2018.
[40] P. K. Sharma and P. K. Upadhyay, “Cooperative spectrum sharing in
two-way multi-user multi-relay networks,” IET Commun., vol. 10, no.
1, pp. 111-121, Apr. 2015.
[41] F. Khan, K. Tourki, M.-S. Alouini, and K. Qaraqe, “Delay performance
of a broadcast spectrum sharing network in Nakagami-m fading” IEEE
Trans. Veh. Technol., vol. 63, no. 3, pp. 1350-1364, Mar. 2014.
[42] N. B. Mehta, V. Sharma, and G. Bansal, “Performance analysis of a
cooperative system with rateless codes and buffered relays ” IEEE Trans.
Wireless Commun., vol. 10, no. 04, pp. 1069-1081, Apr. 2011.
[43] S. Solanki, P. K. Sharma, and P. K. Upadhyay “Adaptive link utilization
in two-way spectrum sharing relay systems under average interference-
constraints ” IEEE Systems J., vol. PP, no. 99, pp. 1-12, June 2017.
